ABSTRACT Interactions between EphB4 receptor tyrosine kinases and their membrane-bound ephrin-B2 ligands on apposed cells play a regulatory role in neural stem cell differentiation. With both receptor and ligand constrained to move within the membranes of their respective cells, this signaling system inevitably experiences spatial confinement and mechanical forces in conjunction with receptor-ligand binding. In this study, we reconstitute the EphB4-ephrin-B2 juxtacrine signaling geometry using a supported-lipid-bilayer system presenting laterally mobile and monomeric ephrin-B2 ligands to live neural stem cells. This experimental platform successfully reconstitutes EphB4-ephrin-B2 binding, lateral clustering, downstream signaling activation, and neuronal differentiation, all in a configuration that preserves the spatiomechanical aspects of the natural juxtacrine signaling geometry. Additionally, the supported bilayer system allows control of lateral movement and clustering of the receptor-ligand complexes through patterns of physical barriers to lateral diffusion fabricated onto the underlying substrate. The results from this study reveal a distinct spatiomechanical effect on the ability of EphB4-ephrin-B2 signaling to induce neuronal differentiation. These observations parallel similar studies of the EphA2-ephrin-A1 system in a very different biological context, suggesting that such spatiomechanical regulation may be a common feature of Eph-ephrin signaling.
INTRODUCTION
Eph receptors (EphA1-8,10 and EphB1-4,6) constitute the largest family of receptor tyrosine kinases, and their membrane-bound ephrin ligands are either glycophosphatidylinositol-linked A-type (ephrinA1-10) or transmembrane B-type (ephrinB1-3) proteins. Eph-ephrin interactions thus occur between apposed cells, with bidirectional signaling in some cases (1, 2) . These juxtacrine cues play an integral role in normal developmental processes such as tissue patterning (3) and axonal pathfinding (4) , as well as in abnormal pathological conditions such as developmental disorders and cancer (5, 6) .
Eph receptors are a unique class of receptor tyrosine kinases for which activity requires not only Eph dimerization and transphosphorylation but also multivalent oligomerization into higher-order clusters to initiate downstream signaling (7, 8) . Furthermore, Eph receptors can exhibit homotypic and heterotypic cis-interactions in addition to intercellular trans-interactions with various Ephs and ephrins to form complex signaling clusters (2, 9) . Eph signaling cluster size, composition, spatial organization, and mechanical forces have all been identified as possible modulators of Eph signaling and the resultant functional cellular outcomes (10, 11) . In particular, mechanical sensitivity and spatial organization of cell surface receptors are increasingly recognized as relevant cellular stimuli (12) (13) (14) (15) (16) . For instance, when EphA2-ephrin-A1 signaling cluster movement is physically restricted, proximal membrane signaling events including recruitment of the downstream signaling effector ADAM10 (17) and ephrin-A1 trans-endocytosis (18) are markedly altered.
A particularly important system in which Eph-ephrin signaling has been widely studied is neural development, in which downstream signal transduction controls neural stem cell (NSC) proliferation, migration, and survival both during early development and in adulthood (19-21). Furthermore, Eph-ephrin signaling was recently demonstrated to regulate hippocampal neurogenesis in the adult brain, where ephrin-B2 expressed by astrocytes in the NSC niche induces the neuronal differentiation of NSCs via EphB4 signaling (22, 23) . The process of NSC-mediated adult neurogenesis plays important roles in learning, memory, and neurological disease (24-28). Structural experiments have confirmed that ephrin-B2 binds EphB4 receptors to form heterodimers (29), and a recent study has shown increased downstream activity in NSCs with increasingly multivalent ephrin-B2 ligands (23). Thus, biophysical mechanisms of receptor activation likely play a vital role in this therapeutically relevant system. Motivated by the work on the spatiomechanical sensitivity of the EphA2 receptor and the regulatory role of the EphB4 receptor in NSC signaling, we hypothesized that NSC differentiation may be sensitive to spatial manipulation of EphB4-ephrin-B2 physical organization and clustering.
Previous studies have induced EphB4 signaling by artificially preclustering ephrin-B2 in solution to generate multimeric receptor-ligand complexes (22,23). However, these methods do not recapitulate the physical interactions between membrane-bound receptors and ligands. We therefore turned to supported lipid bilayers (SLBs), a system well suited for studying cell-cell contact-dependent signaling (15, 17, (30) (31) (32) (33) . Here, we develop a hybrid system to reconstitute the juxtacrine signaling geometry between NSCs and astrocytes by depositing EphB4 receptor-expressing NSCs onto SLBs displaying laterally mobile, monomeric ephrin-B2 ligands. This system provides a physiologically and spatially relevant microenvironment for studying EphB4-ephrin-B2 signaling. It also allows us to precisely control not only the chemical composition of the ligands and membranes but also the physical geometry of receptor-ligand complexes using the technique of spatial mutation (34). Spatial mutation involves the physical control of the spatial patterning of proteins on a lipid bilayer achieved by nanofabricating metal structures on the underlying glass substrates (35,36). The resulting features guide the movement of supported membrane molecules as well as any engaged cognate receptors on the live cell, thereby controlling the cluster size and number of receptor-ligand complexes that can form (32,37,38). Any cellular microenvironmental perturbation, including the spatial mutation, that alters the movement of cell-surface molecules intrinsically imposes mechanical forces onto the cell. Cellular responses to such perturbations are thus spatiomechanically regulated. This, however, does not imply that the receptor system involved directly senses mechanical force.
Using this reconstituted juxtacrine signaling platform, we observe EphB4-ephrin-B2 co-clustering and demonstrate membrane-bound monomeric ephrin-B2 activation of EphB4 signaling and downstream neuronal differentiation. Furthermore, by employing spatial mutation, we discover that EphB4 signaling and NSC differentiation are spatially and potentially mechanically modulated. Restricting the motion of supported membrane ephrin-B2 within arrays of small (1 mm) grid-patterned corrals was sufficient to abrogate its effects on NSC differentiation, even though similar levels of ephrin-B2 were available to the cell. This result is similar to the spatiomechanical regulation observed in the EphA2-ephrin-A1 system (17, 18) , suggesting that such effects may be general to other Eph-ephrin interactions within the family. This work suggests that physical aspects of the NSC niche may impact differentiation and further indicates that this may be significant in the context of regenerative medicine.
MATERIALS AND METHODS
The extracellular domain of mouse ephrin-B2 was cloned into a pFastBac vector containing the SNAP-tag and His10 sequences and then introduced into the bac-to-bac insect cell baculovirus-based expression system. Ephrin-B2-SNAPtag-His10 fusion protein was secreted from infected Sf9 cells, purified by Ni-NTA resin, and then eluted using an imidazole gradient. NSCs were isolated from the hippocampi of adult female Fisher 344 rats and cultured on polyornithine-and laminin-coated tissue-culture plates. NSCs were grown in 1:1 Dulbecco's modified Eagle's medium/F12 with N-2 supplement and recombinant human FGF-2. The EphB4-mCherry NSC line was engineered through stable retroviral infection. Imaging experiments were performed on a Nikon Eclipse Ti-E/B motorized inverted microscope (Nikon, Tokyo, Japan). Micromanager and imageJ were used to collect, analyze, and process images. FCS measurements were performed on a home-built spectrometer integrated into a Nikon TE2000 inverted microscope.
RESULTS

Development of a DNA-SNAP-tag functionalization strategy
To investigate the effect of monomeric membrane-bound ephrin-B2-induced signaling on NSC differentiation, we developed a DNA-SNAP-tag biochemical conjugation method to tether ephrin-B2 ligands to a SLB for extended presentation. This development was motivated by the fact the conventional NiNTA-His-tag membrane-linkage strategy (18,39), which we have previously used with ephrin-A1, has limited stability (e.g., 1-2 h) under normal cell-culture conditions. DNA oligonucleotides are a versatile tool for protein conjugation because hybridization of complementary DNA strands is highly specific and sensitive (40). DNA linkage also offers the possibility of controlling formation of ligand heterodimers or even larger clusters (41), though these capabilities are not needed in this study.
SNAP-tag, a 20 kDa mutant of the DNA repair protein O 6 -alkylguanine-DNA alkyltransferase, has been widely used to functionalize proteins via a site-specific irreversible covalent reaction with a benzylguanine (BG) substrate (42,43). In step one, a fusion protein of the extracellular domain of ephrin-B2 and SNAP-tag was recombinantly produced and then covalently conjugated to a 20 basepair single-stranded (ss) DNA (Seq1) oligonucleotide through an irreversible BG-SNAP interaction to form a protein-DNA complex unit. This conjugated ssDNA was covalently coupled with a BG substrate on the 5 0 end for SNAP-tag chemistry and was covalently linked to Cy5 on the 3 0 end for fluorescent imaging (Fig. 1 A) . In step two, a thiol-modified complementary ssDNA (Seq2) oligonucleotide was functionalized to a maleimide-linked membrane, allowing for subsequent hybridization with ephrin-B2-SNAP-tag-DNA (Seq1) and immobilization of the fusion protein onto the bilayer (Fig. 1 A) . The fluidity of the bilayer and the mobility of ephrin-B2 were confirmed by fluorescence recovery after photobleaching (FRAP) experiments (Fig. 1 , B and C). To further characterize the membrane density of ephrin-B2 ligands, we applied fluorescence correlation spectroscopy (FCS) analysis (44), and a typical time autocorrelation function of fluorescence intensity fluctuations from membrane-bound ephrin-B2 is shown in Fig. 1 (Fig. 1 D) . We thus concluded that we had reached the saturation point for ligand binding to the SLB. Importantly, this strategy enables ephrin-B2 ligands to remain stably attached to the membrane for periods of 12-24 h under normal cell culture conditions.
NSCs cluster membrane-bound monomeric ephrin-B2
To reconstitute the juxtacrine geometry of Eph-ephrin signaling, we seeded NSCs on ephrin-B2 functionalized SLBs (Fig. 2 A) . Utilizing total internal reflection fluorescence (TIRF) microscopy, we recorded live NSC interactions with the bilayer (Video S1), and time-lapse images demonstrated the spatial distribution and cluster formation of ephrin-B2 at the NSC-SLB interface. Upon NSC landing, membrane-bound ephrin-B2 diffused rapidly and immediately formed microclusters with the cell; these microclusters continued to move inward and eventually stabilized into a large centralized cluster within 45 min. Reflection interference contrast microscopy (RICM) images were taken to map the footprint (contact areas) of cells on the underlying SLB, and the contact area domain showed strong colocalization with ephrin-B2 clusters (Fig. 2 B) . Cells failed to adhere to bilayers that lacked ephrin-B2, confirming that the only linkages between NSCs and the SLBs were through ephrin-B2 ligands.
EphB4 serves as a key transducer of ephrin-B2 induced neurogenesis in NSCs (22). To investigate whether the formation of ephrin-B2 microclusters on SLBs was due to interactions with EphB4 receptors, an NSC line stably expressing an EphB4-mCherry fusion was developed and then seeded on ephrin-B2 SLBs. Employing confocal microscopy, we observed the three-dimensional membrane distribution of EphB4 on NSCs. The resulting confocal images depict the distribution of exogenous EphB4-mCherry receptors on the NSCs membrane, which reflects that of the membrane distribution of endogenous EphB4 receptors in NSCs (22). These confocal images also demonstrated the colocalization of ephrin-B2 and EphB4 binding at the bilayer-cell membrane interface (Fig. 2 C; Fig. S1 ). Colocalization of ephrin-B2 and EphB4 was also verified by TIRF microscopy at initial cell-membrane contact stage and 45 min post-cell landing ( Fig. S2 ; Video S2). Together with previous FCS data (Fig. 1 D) , this suggests that bilayer ephrin densities are roughly similar to receptor densities on NSCs. Blocking EphB4 receptors on NSCs by incubation with an EphB4 antibody before seeding resulted in a significant drop in the number of cells attached to SLBs, but did not eliminate adhesion completely, suggesting that other Ephs such as EphB2, which also binds ephrin-B2 (47), may be involved in this interaction. Blocking EphB2 receptors resulted in decreased NSC binding but to a lesser degree than EphB4 blocking, whereas preblocking both EphB4 and EphB2 receptors resulted in adhesion levels similar to EphB4 blocking (Fig. S3 ). These observations indicate that multiple Ephs, but predominantly EphB4, are responsible for NSC adhesion to the SLBs.
NSCs undergo neuronal differentiation on ephrin-B2 SLBs
To examine the biological activity of our reconstituted EphB4-ephrin-B2 signaling system, we studied the differentiation of NCSs cultured on ephrin-B2 SLBs. In general, SLBs can provide stable presentation of a ligand for 1-2 h using conventional NiNTA-His-tag membrane linkage strategy, after which the SLB begins to deteriorate (ligand dissociation) (18,39). In contrast, the SNAP-tag functionalization strategy developed here allows for stable ephrin-B2 tethering for 24 h. Culturing NSCs for the 5 days required for a cell to complete initial stages of its differentiation also necessitated functionalization of the culture surface to support cell adhesion post-bilayer degradation.
The bilayer began to disintegrate and was no longer intact after 24 h post cell seeding. For NCSs to grow on SLBs for 5 days, culture media was supplemented 18 h postseeding with laminin, a standard extracellular matrix protein used for NSC culture (22,23). As controls (nonbilayer studies), NSCs were seeded in standard tissue culture conditions on laminin-coated glass substrates and exposed to a naïve condition (FGF-2-supplemented media), a media condition that induced differentiation into a mixture of neurons and astrocytes (retinoic acid þ fetal bovine serum (RA/FBS), or mixed differentiation media), or media conditions containing antibody clustered soluble ephrin-B2 (Fc-ephrin-B2) for 1 and 5 days. Fc-ephrin-B2 is a recombinant form of the ephrin-B2 ectodomain fused to an Fc moiety that can be clustered with an anti-Fc antibody to form a bioactive ephrin-B2 multimer. Preclustering Fc-ephrin ligands in solution has been previously used as a means to trigger Eph-ephrin clustering, and previous studies have shown preclustered Fc-ephrinB2 in solution can trigger neuronal differentiation in NSCs (7, 8) . Neuronal differentiation was assessed 5 days postseeding. In standard culture wells, NSCs continuously exposed to RA/FBS or clustered Fc-ephrin-B2 for 5 days underwent high levels of neuronal differentiation (35.7% 5 2.19 and 28.7% 5 4.91, respectively), as measured by the percent of cells expressing the neuronal marker bIII-tubulin. In contrast, a single dose of Fc-ephrin-B2 at the time of seeding had no effect on differentiation. Intriguingly, NSCs on ephrin-B2 bilayers exhibited neuronal differentiation at levels similar to continuous RA/FBS and Fc-ephrin-B2 exposure (36.7% 5 5.78) (Fig. 3 A) . Morphologically, neurons differentiating after exposure to membrane-bound ephrin-B2 had two to five branching bIII-tubulin þ processes, which closely resembled Fc-ephrin-B2-induced neurons (Fig. 3 B) . Notably, in contrast to the Fc-ephrin-B2 condition in which cells were continuously exposed to the clustered soluble ligand, NSCs on SLBs were only exposed to the ephrin-B2 present on the bilayer from the time of seeding until SLB deterioration 24 h later. Cy5-BG-DNA-conjugated ephrin-B2-SNAP ligands visualized by TIRF microscopy (top) are shown; cell adhesion imaged by RICM (bottom). Postseeding, NSCs were imaged over 45 min. At 4 min, the RICM image showed cells weakly adhered on SLB. Ephrin-B2 diffused and formed sparse microscopic clusters. Over time, ephrin-B2 continued to cluster, and cell adhesion to SLB strengthened. 45 min later, a centralized large micron-scale ephrin-B2 cluster was formed. (C) Confocal three-dimensional images of an EphB4-mCherry expressing NSC interacting with an ephrin-B2 SLB 45 min after seeding are shown. EphB4-ephrin-B2 colocalization at the NSC-SLB interface is apparent.
Yet this signal was sufficiently strong enough to induce neuronal differentiation, unlike the single dose of the soluble Fc-ephrin-B2. Finally, to study the role of EphB4, NSCs were incubated with an EphB4 antibody before seeding on SLBs. EphB4-blocked NSCs still adhered to the SLBs, but neuronal differentiation was reduced.
The resulting percentage of bIII-tubulin þ cells decreased (20.3% 5 3.18) (Fig. 3 A) , and induced neurons developed fewer processes (Fig. 3 B) , confirming the role of EphB4 in transducing ephrin-B2 stimulation. In sum, these findings demonstrate the functional role of membranebound monomeric ephrin-B2 ligands in inducing neuronal differentiation.
Spatial mutation impairs cluster formation but not immediate downstream signaling
A spatial mutation experiment, in which patterned supported membranes are utilized to alter the movement and assembly of cell surface receptors, has been successfully applied to investigate spatial organization in immunological synapses (14, 32, 48, 49 ) and more recently in EphA receptor signaling (17, 18, 50) and cadherin adhesion (15) but has not been utilized to investigate the role of spatially controlled ligand presentation on a cell fate decision. In the NSC experiments described here, we apply the spatial mutation method by nanofabricating chromium (Cr) metal lines on glass substrates before SLB deposition. The Cr lines serve as diffusion barriers that physically partition the supported bilayer into separate corrals ( Fig. 5 A) (35,36). As a result, membrane-bound molecules (i.e., ephrin-B2) can only diffuse within each lipid corral, as movement across the Cr barriers is entirely blocked (Fig. 4 A) . FRAP experiments confirmed that ephrin-B2 diffusion was constrained within corrals, and no transport across barriers was observed (Fig. 4 , B and C).
NSCs seeded on grid-patterned membranes engage ephrin-B2, but movement and assembly of the EphB4-ephrin-B2 signaling clusters is restricted by the underlying grid pattern. On all substrates, NSCs landed and adhered, with similar adhesion areas regardless of patterning. 45 min after NSC seeding, EphB4-ephrin-B2 clusters formed but were confined by 2 and 4 mm spaced grid patterns (Fig. 4 D) . To rule out any potential artifacts introduced by the Cr grid, a control with similar Cr coverage area to that of the gridded patterns was included in spatial mutation experiments. The control consisted of a substrate patterned with an array of posts spaced 2 mm apart, which allowed ephrin-B2 to freely diffuse around the Cr features. NSCs seeded on these control 2 mm array SLBs induced ephrin-B2 clustering similar to NSCs on nonpatterned SLBs (Figs. 2 B and 4 D) .
Grid patterning the ephrin-B2 membrane did not interfere with activation of EphB4 and immediate downstream signaling. Specifically, pan-phosphorylated-tyrosine and known EphB4-ephrin-B2 signaling targets, including phosphorylated-ERK (51) and active b-catenin (22), were examined. Ephrin-B2 induced signaling was observed in NSCs seeded on nonpatterned (off-grid), 2 mm control-arrayed, 3 mm gridded, and 5 mm gridded ephrin-B2 SLBs, but not on ephrin-B2-free (plain) SLBs (Fig. 4 E) . 
Spatial mutation inhibits NSC neuronal differentiation on ephrin-B2 SLBs
The goal of the spatial mutation experiment is to use different grid sizes to titrate the large-scale clustering and organization of EphB4-ephrin-B2 signaling complexes and to test whether spatially impaired clustering impacts cellular signaling in NSCs. Five days postseeding, NSC differentiation was analyzed. NSCs underwent neuronal differentiation at similar levels on unpatterned SLBs, the control array of unconnected metal dots, and on large 5-mm grid-patterned SLBs. However, NSCs exhibited impaired neurogenesis when cultured on smaller grid spacings (3 mm in the experiment shown here). The percent of bIII-tubulin þ cells significantly decreased, and neural processes did not develop (Fig. 5) . Therefore, although immediate downstream signaling is not affected by spatial mutation, NSC differentiation mediated by ephrin-B2 signaling is sensitive to the spatial and mechanical properties of ligand presentation in the apposing membrane on the scale of microns. Our observations from the spatial mutation experiments have shown that 3 mm is where the cutoff is for an effect on ephrin-B2-mediated NSCs differentiation.
DISCUSSION
The spatial properties of receptor-ligand interactions can influence receptor activation and signal propagation, but studying this phenomenon requires the development of systems capable of recapitulating complex biophysical traits. In this study, we simulated the juxtacrine geometry of Eph-ephrin signaling transduced by ephrin-B2-presenting astrocytes in contact with EphB4-expressing NSCs (22). By displaying laterally mobile monomeric ephrin-B2 on SLBs, we mimicked the membrane presentation of ephrin-B2. Furthermore, we were able to probe the role of membrane receptor spatial organization in NSC signaling and differentiation using the technique of spatial mutation. The key technical advance enabling these days-long studies was the development of a DNA-SNAP-tag conjugation method providing stable ligand presentation for the duration of bilayer stability. In our hands, bilayers remained intact for 12-24 h.
Because differentiation is a multiday process, it was not known whether 12-24 h of ephrin-B2 presentation on the membrane would be sufficient to induce neurogenesis. Surprisingly, 5 days postseeding, NSCs underwent neuronal differentiation at levels similar to NSCs continuously stimulated with Fc-antibody clustered soluble ephrin-B2. By comparison, however, a 1-day pulse of soluble ephrin-B2 was not sufficient to induce neuronal differentiation. Although ephrin-B2 concentrations cannot be directly compared between soluble and membrane-bound forms, the differentiation results reveal that ligand presentation on a two-dimensional membrane provided much stronger signal strength compared to three-dimensional solution presentation. These findings also suggest that neurogenesis is induced as a result of early signaling decisions initiated through Eph-ephrin interactions.
Ephs and ephrins are known to exhibit a high level of cross talk among family members, so ephrin-B2 on SLBs may interact with other Eph types on NSCs. Indeed, antibody blocking experiments suggested that both EphB4 and EphB2 were responsible for NSC binding, but as concurrent (C) Line-scan intensity measurements of (B) were taken across the bleached area. Only the nongridded areas were able to recover after photobleaching. (D) Ephrin-B2 clustering is disrupted on 4-and 2-mm-spaced gridded substrates, as diffusion is confined to corralled regions. 2 mm arrayed substrates permit diffusion around posts so a central cluster still forms. Cy5-labeled ephrin-B2 visualized by TIRF microscopy (top) is shown; cell footprint, RICM (bottom). (E) Western blots of NSCs after 1 h incubation on plain SLBs, ephrin-B2 SLBs, and patterned ephrin-B2 SLBs (3 and 5 mm) are shown. Pan-phosphotyrosine, active b-catenin, and phosphorylated ERK levels increased on all ephrin-B2 SLBs. ERK and GAPDH were used as loading controls. Quantification of immunoblots is shown in Fig. S5. blocking did not completely ablate adhesion, other Ephs were likely interacting as well. In addition to EphB4 and EphB2, ephrin-B2 has been shown to bind EphB1 (52), EphB3 (53), EphB6 (54), and EphA4 (55). However, EphB4 was confirmed to be largely responsible for transducing the biological activity of ephrin-B2 signaling, as blocking EphB4 abrogated neuronal differentiation (22).
Using this system, we characterized the spatiomechanical sensitivity of EphB4-ephrin-B2 signaling on induced NSC neurogenesis. On 3-mm grid-patterned substrates but not 5 mm grids or nongrid control patterns, neurogenesis was significantly reduced. Importantly, the patterned substrates all presented roughly the same density of ephrin-B2, and Cr grids served only as diffusion barriers to restrict the movement of lipid molecules and ephrin-B2 ligands (Fig. S4) . The change in differentiation, therefore, was not due to the quantity of ephrin-B2 available. Additionally, the length scale associated with the spatial mutations was on the order of microns, which is far larger than the nanoscale dimensions of molecular interactions. Hence, molecular-scale clustering of ligand-receptor complexes were likely not disrupted even in the smallest grids. In all corrals, visible microclusters formed, and proximal signaling data revealed that known EphB4-ephrin-B2 induced-phosphorylation cascades were unaffected (Fig. 4 E) . In particular, we examined pan-phosphorylated-tyrosine and known EphB4-ephrin-B2 signaling targets, including phosphorylated-ERK and active b-catenin. Furthermore, as is evident from Fig. 4 D, the cell footprints are of similar size across variable grid sizes. Because the grids are substantially smaller in scale than the cell, ligands will not gather from outside the cell footprint. Thus, we conclude that the total amount of ligand exposed to the cells remained unchanged by varying grid size.
In summary, we observe a clear effect from physically restricting the movement and assembly of EphB4-ephrin-B2 signaling clusters on NSC differentiation. Although the observed EphB4-ephrin-B2 clusters on all patterned substrates were apparently sufficient to induce downstream activation of several targets (Fig. 4 E) , it is possible that restricting cluster size and microscale spatial organization on the cell membrane impacts downstream signaling. We have shown that increased oligomerization on the nanoscale induces higher levels of neurogenesis (23), but the role of microscale clustering remains undetermined. Alternatively, we have shown that the mechanical properties of the cellular microenvironment regulate NSC differentiation (56), and mechanical forces could conceivably play a role in the observed behavior. That is, the spatial mutation method utilized here intrinsically imposes mechanical forces on the receptor-ligand complexes, and a number of studies have demonstrated mechanical regulation of transmembrane receptors due to physical properties of ligand presentation, such as lateral mobility (57,58) and tugging forces at cellcell junctions (59). Future work may explore the relative roles in biochemical and/or biomechanical signaling in mediating the effects of spatiomechanical perturbations on downstream NSC behaviors. 
SUPPORTING MATERIAL
Protein Expression and Purification
The extracellular domain of mouse ephrin-B2 (a gift from Anthony Conway, Schaffer Lab, UC Berkeley) was extended by strand overlap PCR to include the natural ephrin-B2 N-terminal secretory signal sequence, and then cloned into a pFastBac vector (a gift from Kate Alfieri, Groves Lab, UC Berkeley, CA) containing the SNAP-tag and His10 sequences. The vector was then introduced into DH10Bac™ E. coli cells to form a recombinant expression bacmid using the Bac-to-Bac® baculovirus expression system (Life Technologies, Grand Island, NY). The bacmid was then used to transfect SF9 insect cells (obtained from Ann Fischer, UC Berkeley, CA). Ephrin-B2-SNAPtag-His10 fusion protein was secreted from transfected SF9 cells, precipitated via centrifugation, purified using a gravity flow column containing Ni 2+ -NTA resin (Qiagen, Valencia, CA), and eluted by an imidazole gradient. To confirm expression and purity, protein was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and stained, and a single band at the expected molecular weight of 47.759 kDa was detected.
Preparation of Benzylguanine (BG) Modified DNA
The DNA sequence used was Seq1: 5'-CCCTAGAGTGAGTCGTATGA-3' (1). Seq1 with an amino modifier C6 on the 5' end and a Cy5 TM -Sp modifier on the 3' end was purchased from Integrated DNA Technologies (Coralville, IA). NH2-Seq1-Cy5 was dissolved in TE buffer at 5 mg/mL, precipitated in ethanol, then rehydrated in distilled water, and stored at -20 °C. BG-NHS-GLA (New England Biolabs, Ipswich, MA) was dissolved in anhydrous N, N'-dimethylformamide (DMSO) (Solulink, San Diego, CA) at 50 mM and reacted with 25 molar equivalents of NH2-Seq1-Cy5 at room temperature for 2 hours, then kept overnight at 4 °C. The following day, the reaction was analyzed by matrix-assisted laser desorption/ionization (MALDI) mass spectrometry. A peak of modified mass intensity charge confirmed the completion of the reaction. The reaction was then desalted with a NAP-5 column (GE, Piscataway, NJ) equilibrated in 50 mM phosphate buffer with 150 mM NaCl, pH 7.4. BG-Seq1-Cy5 was ethanol precipitated, reconstituted in distilled water, and stored at -20 °C.
Synthesis of BG-DNA and ephrin-B2-SNAPtag-His10
BG-Seq1-Cy5 was reacted with 2 molar equivalents of ephrin-B2-SNAPtag-His10 protein at 37 °C for 60 minutes, and then kept overnight at 4 °C. The following day, the reaction was filtered through a 0.22 μm microcentrifuge spin filter (Corning, NY) at 5000g for 5 minutes, then purified with a Superdex 200 size exclusion chromatography column using the AKTAexplorer system (GE Healthcare, UK). Ephrin-B2-SNAPtag-BG-Seq1-Cy5 was analyzed by SDS-PAGE to confirm the molecular weight of the conjugate.
Preparation of Thiol-Modified DNA
The DNA sequence used was Seq2: 5'-TCATACGACTCACTCTAGGG-3' (1). Seq2 with a thiol modifier C6 on the 5' end was purchased from Integrated DNA Technologies. SH-Seq2 was dissolved in TE buffer at 5/mL, precipitated in ethanol, then rehydrated in distilled water, and stored at -20 °C. For SLB experiments, SH2-Seq2 was reduced in tris (2-carboxyethyl) phosphine (TCEP) buffer (0.5 mM TCEP, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES), pH 8) for 90 minutes at 37 °C. SH2-Seq2 was then filtered through two Bio-spin 6 columns (Bio-rad, Herculus, CA) equilibrated in 50 mM phosphate buffer with 150 mM NaCl, pH 7.4 and used for experiments.
Preparation of RGD-Alexa488-DNA Cyclic RGD peptide (cyclo (Arg-Gly-Asp-D-Phe-Lys)) was obtained from Peptides International (Louisville, KY) and dissolved in 100 mM HEPES buffer at 10 mM. To make RGD-maleimide, 4 molar equivalents of PEGylated SMCC crosslinker (Life Technologies) was reacted with cyclic RGD in 100 mM HEPES buffer. The reaction was incubated at room temperature for one hour or longer until until completed, as confirmed by MALDI mass spectrometry. RGD-maleimide was then purified by reverse phase C18 column HPLC and fractions were analyzed by MALDI mass spectrometry.
The DNA sequence Seq1 with a thiol modifier C6 on the 5' end and an amino modifier C6 on the 3' end was purchased from Integrated DNA Technologies. SH-Seq1-NH2 was dissolved in TE buffer at 5 mg/mL and precipitated in ethanol. To make SH-Seq1-Alexa488, 10 molar equivalents of Alexa Fluor 488 Carboxylic Acid, 2,3,5,6-Tetrafluorophenyl Ester), 5-isomer (Life technologies) was reacted with SH-Seq1-NH2 in 50 mM bicarbonate, 50 mM phosphate buffer with 150 mM NaCl, pH 7.4. The reaction was incubated at room temperature for 2 hours, and reaction completion was confirmed by MALDI mass spectrometry. SH-Seq1-Alexa488 was then desalted with a NAP5 column, ethanol precipitated, rehydrated in distilled water, and stored at -20 °C as previously described.
To conjugate SH-Seq1-Alexa488 with RGD-maleimide, DNA was reduced with TCEP and desalted with Bio-spin 6 columns (Biorad) as previously described, then reacted with 2 molar equivalents of RGD-maleimide for 2 hours at room temperature, followed by MALDI mass spectrometry to confirm reaction completion. The reaction was purified by reverse phase C18 column HPLC and fractions were analyzed by MALDI mass spectrometry. RGD-Seq1-Alexa488 was ethanol precipitated, reconstituted in distilled water, and stored at -20 °C.
Preparation and Functionalization of Supported Lipid Bilayers (SLBs)
Circular or square microscope coverslips with No. 1.5 thickness (Fisher Scientific, Pittsburgh, PA) were soaked in 1:1 (vol/vol) 2-propanol and distilled water overnight, then sonicated for 30 minutes the following day. Coverslips were rinsed thoroughly with distilled water and then etched in piranha solution (1:3 vol/vol) hydrogen peroxide and sulfuric acid) for 20 minutes. Coverslips were rinsed thoroughly and then dried under a nitrogen stream. Lipids were purchased from Avanti Lipids (Alabaster, AL). Standard methods were employed to produce lipid vesicles (2) . DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and MCC-DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidomethyl) cyclohexane-carboxamide]) were mixed (95% DOPC, 5% MCC-DOPE) in a chloroform solution, evaporated with a rotary evaporator, then further dehydrated under a nitrogen stream for 30-60 minutes. Lipid vesicles were rehydrated in distilled water to a final concentration of 0.5 mg/mL, and then sonicated for 1 minute to generate small unilamellar vesicles (SUVs). SUVs were diluted with phosphate buffered saline (PBS) (1:1 vol/vol) and then deposited and incubated on a piranha etched dry coverslip for 30 minutes to allow the formation of a SLB. Finally, the SLB was rinsed in an excess of PBS buffer. 2 mg/mL casein in PBS was added to SLBs for 10 minutes to block nonspecific binding, then washed with PBS. Reduced SH-Seq2 DNA (prepared above) was added to SLBs and incubated for 90 minutes, then washed with PBS. To form ephrin-B2 SLBs, ephrin-B2-SNAPtag-BG-Seq1-Cy5 was added to SLBs to a final solution concentration of 100 nM and incubated for 1 hour, then washed with PBS. To form RGD/ ephrin-B2 SLBs, 100 nM ephrin-B2 and 5 nM RGD-Seq1-488 were added after SH-Seq2-DNA reaction with SLB. For NSC studies, SLBs were buffer exchanged with cell culture medium prior to seeding. Nanofabrication Chromium (Cr) patterns were fabricated using two methods: photolithography and e-beam lithography. For photolithography patterning, glass coverslips were cleaned by sonication in acetone for 5 minutes, then rinsed with distilled water and dried under a nitrogen stream. A 7 nmthick Cr layer was deposited using e-beam evaporation (Solution, CHA Industries) at 5x10 -6 torr with the deposition rate maintained at ~0.01 nm s −1 . The Cr substrates were again cleaned by sonication in acetone for 5 minutes and rinsing with distilled water. The substrates were then dried under a nitrogen stream and heated at 130 °C for 10 minutes to remove residual moisture. S1805 positive photoresist (PR) (MicroChem Corp., Westborough, MA) was spun on the cleaned and dried substrate at 4000 rpm for 35 seconds, and the PR film-coated substrate was then soft baked at 115 °C for 60 seconds. PR was exposed to UV through a Quartz Cr mask with a UV dose of 27 mJ/cm 2 , then developed in MIF-321 developer (MicroChem Corp.). To generate Cr patterns, the underlying Cr layer was etched through a patterned photoresist mask using CR-7 Cr etchant (Cyantek Corporation, Fremont, CA). Finally, residual PR was removed using Microposit Remover 1165 (MicroChem Corp.).
For e-beam lithography patterning, glass coverslips were cleaned by sonication in distilled water for 5 minutes to remove gross particulate matter, then etched in piranha solution for 5 minutes. Etched coverslips were rinsed with distilled water, immersed in isopropanol, and dried under a nitrogen stream. Residual moisture was removed by heating at 140 °C for 10 minutes. Coverslips were spin-coated for 45 seconds at 1000 rpm with electron-beam resist 1:3 ZEP-520A/anisole (Zeon, Louisville, KY) and Aquasave conductive polymer (Mitsubishi Rayon, New York, NY). Resist was then exposed via e-beam lithography (CABL-9510CC, Crestec, Torrance, CA) to fabricate 2m and 4m grid patterns with line widths of 80 nm. Conductive polymer was removed by rinsing with deionized water, and resist was developed for 1 minute in isoamyl acetate. Cr with a thickness of 7 nm was then deposited by e-beam evaporation (EB3 e-beam evaporator, Edwards, Crawley, UK). Finally, the resist mask was lifted from coverslip surfaces by sonication in ice-cold methylene chloride for 10 minutes.
Cell Culture
Neural stem cells (NSCs) isolated from the hippocampi of adult female Fisher 344 rats were cultured on 5 μg/mL polyornithine (Sigma-Aldrich, St. Louis, MO) and 10 μg/mL laminin (Life Technologies) coated tissue-culture plates. NSCs were grown in 1:1 DMEM/F12 (Life Technologies) with N-2 supplement (Life Technologies) and 20 ng/mL recombinant human FGF-2 (PeproTech). Upon reaching 80% confluency, NSCs were subcultured using Accutase (Life Technologies) and re-seeded at 20% confluency.
The EphB4-mCherry NSC line was created through stable retroviral infection. Total RNA was extracted from NSCs using TRIzol reagent (Life Technologies) and then full-length cDNA transcripts were synthesized from 5 μg RNA using the ThermoScript RT-PCR System with Oligo(dT) 20 primers (Life Technologies). The rat EphB4 gene was amplified from the cDNA using the primer pair: forward, 5'-CCATGGAGCTCAGAGCGC-3'; reverse, 5'-GGTCAGAACTGCTGGGTTGG-3', and then inserted into a subcloning vector using a TOPO TA Cloning Kit (Life Technologies). EphB4 was then amplified with the linker GSGS and inserted into the pmCherry-N1 Vector (Clontech, Mountain View, CA) between Nhe1 and Age1 sites, to produce pEphB4-mCherry. Finally, EphB4-mCherry was amplified and inserted into the MMLV retroviral vector CLPIT (3) between Sfi1 and Pme1, resulting in CLPIT-EphB4-mCherry, which was then packaged, purified, and titered on NSCs as previously described (4) . NSCs were infected with the virus at a multiplicity of infection of 1, and a stable cell line was produced by selection in 0.6 μg/mL puromycin (Sigma-Aldrich) for 96 hours.
For the blocking assay, NSCs were detached, spun down, and resuspended in PBS. Cells were counted and equal numbers were used for each condition. NSCs were incubated with no blocking, 2x (8 μg/mL) EphB4 antibody (R&D Systems, Minneapolis, MN), 2x EphB2 antibody (R&D Systems), or 1x (4 μg/mL) EphB4 and 1x EphB2 antibodies at 4 °C, rotating for 1 hour. NSCs were seeded on SLBs and allowed to adhere for 45 minutes. Unattached cells were then washed off and adhered cells were imaged.
Differentiation Studies and Immunostaining
NSCs were seeded on SLBs or polyornithine/ laminin coated eight-well glass chamber slides (Fisher Scientific) at 2 x 10 4 cells per well in DMEM/F12+N2 supplemented with 0.5 ng/mL FGF-2. Mixed differentiation medium additionally contained 1 μM retinoic acid (Enzo Life Sciences, Farmingdale, NY) and 2% fetal bovine serum (Life Technologies). Antibody clustered ephrin-B2 was generated by incubating recombinant mouse ephrin-B2/Fc (R&D) with a goat antihuman IgG Fc antibody (Jackson ImmunoResearch, West Grove, PA) at a 1:9 ratio (wt/wt) for 90 minutes at 4 °C. To block EphB4 receptors, NSCs were incubated with 4 μg/mL EphB4 antibody for 30 minutes at 37 °C before seeding on SLBs. SLB cultures were supplemented with 10 μg/mL laminin 18 hours after seeding to enable attachment to coverslips. Media changes were performed for all conditions every 2 days.
Cell cultures were fixed with 4% paraformaldehyde for 15 minutes, then blocked and permeabilized with 5% donkey serum (Sigma-Aldrich) and 0.3% Triton X-100 (Fisher-Scientific) for 1 hour. Cultures were incubated with primary antibody mouse anti-βIII-tubulin (1:500, Sigma-Aldrich) for 48 hours, then with secondary antibody Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:1250, Jackson ImmunoResearch) for 2 hours, and finally with 4,6-diamidino-2-phenylindole (DAPI, 5 μg/ml, Life Technologies) as a nuclear counterstain for 20 minutes.
Western Blotting
Prior to signaling studies, NSCs were cultured in DMEM/F12+N2 supplemented with 0.5 ng/mL FGF-2 for 16 hours. NSCs were seeded at 4 x 10 5 cells per SLB in FGF-free medium and incubated for 1 hour. For each condition, culture media and PBS washes from replicates were pooled and spun down. The cell pellet was then re-suspended in NP-40 lysis buffer (1% NP-40 (Sigma), 150 mM sodium chloride, 50 mM Tris, pH 8.) containing protease and phosphatase inhibitor cocktails (Life Technologies). In parallel, lysis buffer was added to the substrates, and adhered cells were scraped off and combined with the resuspended pellets. Cells were lysed on ice for 30 minutes, spun down, and then lysates were concentrated using 3 kDa NMWL centrifugal filters (EMD Millipore, Billerica, MA) to reduce volume ~50%. Protein concentration was determined with a BCA Protein Assay Kit (Life Technologies). Samples of equal protein content were electrophoretically separated on 10% SDS-PAGE gels, and then transferred onto nitrocellulose membranes (Bio-rad) using standard methods. Blots were probed overnight with the primary antibodies: active (non-phospho) β-catenin (Ser33/37/Thr41) (1:1000), rabbit anti-ERK1/2 (1:1000), rabbit anti-phospho-ERK1/2 (Thr202/Tyr204) (1:2000), mouse anti-phosphotyrosine (P-Tyr-100) (1:1000) (all Cell Signaling, Danvers, MA), and rabbit anti-GAPDH (1:2500) (Abcam, Cambridge, MA). Blots were then incubated for 1 hour with appropriate horseradish peroxidase-conjugated secondary antibodies: goat anti-mouse HRP and goat antirabbit HRP (both 1:10,000) (both Life Technologies). Protein bands were detected using SuperSignal West Dura Chemiluminescent Substrate (Life Technologies), and then digitally imaged on a ChemiDoc XRS+ Imaging System (Bio-Rad). When blots were stripped and reprobed (up to 2 times), phosphorylated epitopes were probed first. Blot densitometry analysis was performed in Image Lab software. Imaging TIRF, FRAP, RICM, epifluorescent and brightfield images were taken on a Nikon Eclipse Ti-E/B motorized inverted microscope (Technical Instruments, Burlingame, CA) using Nikon 100x Apo TIRF 1.49 NA oil immersion and 20x/0.5, DIC M/N2, WD 2.1 objectives. The microscope was equipped with a motorized Epi/TIRF illuminator, a motorized Intensilight mercury lamp, a Nikon Perfect Focus system (Technical Instruments), a motorized stage (MS-2000, Applied Scientific Instrumentation, Eugene, OR), and an Orca-R2 interline charge-coupled device camera (Hamamatsu, Japan). Dichroics were 2 mm thick and mounted in metal cubes to preserve optical flatness: ZT488rdc, ZT561rdc, and ZT640rdc. Three different long-pass emission filters were used: ET500lp, ET575lp, and ET660lp. Bandpass emission filters were installed below the dichroic turret in a motorized filter wheel (Lambda 10-3, Sutter, Novato, CA): ET525/50m, ET600/50m, and ET700/75m. RICM was performed using a 50/50 beam splitter with a D546/10 filter. A 100 mW 561 nm optically pumped solid-state laser (Sapphire, Coherent, Santa Clara CA), and a 100 mW 640 nm diode laser (Cube, Coherent) were used for TIRF experiments. All filters and dichroics listed above were purchased from Chroma (Bellows Falls, VT). Live-cell imaging was performed using a stage-top incubator and objective heater (Chamlide TC-A, Quorum Technology, Guelph, Canada).
For confocal microscopy, a 200 mW 488 nm Ar-ion laser (177G, Spectra Physics, Santa Clara, CA) was used in addition to lasers above. All lasers were operated using an acousto-optic tunable filter and aligned into a dual-fiber launch built by Solamere (Salt Lake City, UT). One singlemode polarization maintaining fiber (Oz Optics, Ottawa, Canada) was connected to the TIRF illuminator, while another was connected to the spinning disk confocal unit. A spinning disk confocal head (Yokogawa CSU-X1-M1N-E, Solamere) was custom fit to the microscope and camera. The dichroic in the spinning disk head was a T405/488/568/647 multiline (Semrock, Rochester, NY). Emission filters were installed in a custom-mounted filter wheel (FW-1000, Applied Scientific Instrumentation): ET525/50M, ET605/52M, and ET700/75M (Chroma). Confocal images were captured using a 1024 by 1024 pixel electron-multiplying charge-coupled device camera (iXon3 888, Andor, Belfast, Ireland), typically at gain setting 200 and with 1x1 binning. Axial slice step size was 0.5 mm and extended 20 mm above the coverslip.
Micromanager (University of California, San Francisco, CA) and ImageJ (National Institutes of Health, Bethesda, MD) were used to collect, analyze, and process images.
Fluorescence Correlation Spectroscopy (FCS)
Dual-color FCS was performed on a home-built spectrometer with a modified inverted microscope (TE2000, Nikon). Excitation wavelengths were selected by bandpass filters (Chroma, VT)from a pulsed white light laser source (SuperK Extreme EXW-12, NKT Photonics, Denmark), combined into a single mode optical fiber, then sent through a multi-color dichroic cube (Di01-R405/488/561/635-25x36, Semrock) before entering the microscope. Notch filters (Chroma, VT) were used to remove excess excitation intensity. Fluorescence signal was collected by a Nikon 100x Apo TIRF 1.49 NA oil immersion objective and recorded by avalanche photodiode detectors (Hamamatsu). The signal was directly converted into autocorrelation signal by a hardware correlator (Correlator.com). 488 nm and 640 nm wavelengths were used to simultaneously excite Alexa488 and Cy5. Average power ranged between 0.5 and 5.0 µW, depending on the fluorophore quantum yield and the surface density, which is equivalent to the irradiance range of 0.4 ~ 4.0 kW/cm 2 calculated with the calibrated spot sizes. The resulting autocorrelation G 0 (τ) was fit to the two-dimensional Gaussian diffusion model (5),
where τ is time delay, N is the number of particles in the focus spot, and τ D is the diffusion correlation time. To calibrate the spot size of the confocal focus, a bilayer with a known surface density of fluorescent lipids of each color, BODIPY-FL-DHPE (for 488 nm) and ATTO665-DPPE (for 640 nm) (Avanti, AL) was measured, which consistently yielded the radius of 0.20 ± 0.01 µm and 0.27 ± 0.01 µm for 488 nm and 640 nm wavelengths, respectively. The diffusion coefficient D was calculated by using the relation, = 2 /4 where w is the radius of the focus spot size.
Cy5 exhibits fast blinking kinetics due to a long-lived triplet state that contributes to the photophysics. In FCS, blinking appears on the microsecond to millisecond timescales. Therefore, for Cy5, the autocorrelation model required an extra term in order to account for the additional intensity fluctuation from blinking. The model becomes,
where F is the fraction of molecules in the dark state at equilibrium, and τ e is the lifetime of the dark triplet state. .
Statistical Analysis
Statistical analysis was performed in MATLAB (MathWorks, Natick, MA). Statistical significance of the results was determined by analysis of variance (ANOVA) paired with a multiple comparison test (Tukey-Kramer method). All error bars represent ± standard error of the mean.
